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ABSTRACT  
In this work, the suitability of oxidative enzymes in efficiently removing free and conjugated (as esters and 
glycosides) sterols from Eucalyptus globulus pulp is revealed. The enzymatic treatment was applied as an 
additional stage of an industrial-type totally chlorine free (TCF) sequence (O-O-Q-PoP) for bleaching eucalypt 
kraft pulp. The pulp obtained after oxygen delignification was treated with a high-redox potential and 
thermostable fungal laccase from Pycnoporus cinnabarinus in the presence and absence of 1-
hydroxybenzotriazole as a mediator. This pulp was further submitted to chelation and peroxide stages, and 
compared with a control TCF pulp obtained using chemical reagents. The composition of lipophilic extractives 
in the pulps and the corresponding liquids was analyzed by gas chromatography and gas chromatography/mass 
spectrometry. Pulp and papermaking properties of the enzymatically-treated pulps were also evaluated. 
  
I. INTRODUCTION 
Lipophilic extractives from wood cause technical, economic and environmental troubles during pulp and paper 
manufacturing, commonly referred to as pitch problems. During kraft pulp production a large part of the 
lipophilic extractives is saponified and removed in the black liquor. However, some wood extractives, especially 
free and conjugated sterols that are abundant in eucalypt (Gutiérrez et al., 1999) and other woods, are difficult to 
be removed. Therefore, they are carried over to the bleach plant where they react with the bleaching chemicals. 
The use of totally chlorine free (TCF) bleaching in place of elementary chlorine free (ECF) bleaching is 
increasing the severity of pitch problems due to lower reactivity with pulp lipids (Gutiérrez et al., 2001b). 
 The methods currently available for industrial control of pitch problems are not satisfactory in many cases, 
and biotechnology offers attractive alternatives (Gutiérrez et al., 2001a). Nevertheless, the biotechnological 
preparations commercially available are not fully effective for pitch control because they are based on enzymes 
or organisms mainly acting on triglycerides. Since triglycerides are easily hydrolyzed in kraft pulping, lipase 
treatment is not of interest in kraft pulp manufacturing. In addition to lipases, sterol esterases have been 
suggested for pitch control (Calero-Rueda et al., 2002). However, free sterols need to be degraded because they 
are as problematic as sterol esters. Recently, the modification of some colloidal substances in process waters and 
pulps from softwood mechanical pulping has been suggested using laccases (Buchert et al., 2002; Zhang et al., 
2005). Moreover, the use of laccase in the presence of a redox mediator strongly expands their potential in 
degradation of lignin and other aromatic compounds. Much work has been done on the laccase-mediator system 
for delignification and bleaching of different paper pulps (Call and Mücke, 1997). In the work presented here, 
the suitability of this system for the removal of lipophilic extractives from eucalypt kraft pulps during TCF 
bleaching is shown. 
 
II. EXPERIMENTAL 
Eucalypt pulp. Eucalyptus globulus kraft pulp was obtained from the ENCE mill in Pontevedra (Spain). The 
unbleached (brown) pulp had a kappa number of 14.2 and an ISO brightness of 41.2% (International 
Organisation for Standardization Documentation and Information (ISO), 2003). 
Fungal laccase and mediator. The laccase preparation was provided by Beldem (Andenne, Belgium). The 
enzyme was obtained from fermentor cultures of a laccase-hyperproducing strain of the fungus Pycnoporus 
cinnabarinus provided by INRA (Marseille, France). Activity was measured by oxidation of 5 mM 2,2´-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) to its cation radical (ε436 29300 M-1 cm-1) in 0.1 M sodium 
acetate (pH 5) at 24ºC. One activity unit (U) was defined as the amount of enzyme transforming 1 µmol of 
ABTS per min. 1-Hydroxybenzotriazole (HBT) was used as mediator. 
Pulp treatment with laccase-mediator in a TCF sequence. Pulp treatments were carried out in stainless steel 
pressurized reactors with an operation volume of 4 L and automated stirring, pressure and temperature controls, 
using 200 g of pulp (dry weight) at a consistency of 10%. The enzyme-mediator treatment, using laccase (20 U/g 
of pulp) and HBT (1.5% of pulp dry weight) at pH 4 for 2 h at 50ºC with 1-min stirring (60 rev/min) every 30 
min, was included in an industrial-type TCF sequence. The resulting sequence (O-O-L-Q-PoP) included two 
 alkaline oxygen stages (O) using pressurized O2 at 98ºC for 1 h; a laccase-mediator stage (L); a chelation stage 
(Q) using diethylenetriaminepentaacetic acid (0.3% of pulp dry weight); and an alkaline peroxide stage (PoP) 
using H2O2 (3% of pulp dry weight) for 2.3 h at 105ºC under pressurized O2, and for 3 h at 98ºC (Ibarra et al., 
2006). The pulps were separated from the treatment liquid by filtration and exhaustively washed after each stage. 
To better identify the effects of the laccase-mediator treatment, a sequence was applied that included a control 
stage under the same conditions but without addition of laccase and mediator (called stage a because of its mild 
acidic conditions). Controls including laccase without mediator, mediator alone, denaturized laccase (after 30 
min at 100ºC) and denaturized laccase with mediator were also performed. 
Lipid extraction from pulps and liquids. Pulp samples from both, the enzyme- containing sequence (O-O-L-Q-
PoP pulp) and the control sequence (O-O-a-Q-PoP pulp) were analyzed, together with the corresponding liquids, 
and controls. Pulps were air-dried until constant weight and samples were Soxhlet-extracted with acetone for 8 h. 
The liquid filtrates were extracted three times in a separatory funnel with methyl tert-butyl ether (MTBE) at pH 
14. All extracts were evaporated to dryness and redissolved in chloroform for chromatographic analysis of the 
lipophilic fraction. 
GC and GC/MS analyses of the lipophilic extracts. The extractives from pulps and liquids were analyzed by gas 
chromatography (GC) and gas chromatography/mass spectrometry (GC/MS) as previously described (Gutiérrez 
et al., 1998). Bis(trimethylsilyl)trifluoroacetamide (BSTFA) silylation, in the presence of pyridine, was used 
when required. 
Pulp and papermaking evaluation. Pulp and paper analyses were carried out by ISO methods (International 
Organisation for Standardization Documentation and Information (ISO), 2003). Brightness and kappa number of 
pulps were evaluated following ISO 3688:1999 and ISO 302:1981, respectively. Before the papermaking 
evaluation, pulps were refined using a PFI refiner (ISO 5264/2:2002) operating at 1400 rev/min. The refining 
degree was measured by ISO 5267/1:1999 using distilled water that yields approximately 2-fold higher 
Schopper-Riegler values than those obtained at the ENCE mill using tap water. After pulp disintegration (ISO 
5263/1:2004) paper handsheets were prepared (ISO 5269/1:2005) with a grammage of  ~65 g/cm2. Tensile index 
(ISO 1924/2:1994), tear index (ISO 1974:1990), air porosity Gurley index (ISO 5636/5:2003) and light 
scattering coefficient (ISO 9416:1998) were evaluated. 
 
III. RESULTS AND DISCUSSION  
Enzymatic degradation of lipophilic extractives in eucalypt pulps. The laccase-mediator system was 
investigated for the degradation of lipophilic extractives in eucalypt kraft pulp in a TCF sequence (as an 
additional stage after oxygen delignification). The laccase used has good stability against temperature and 
mediator inactivation, in addition to high redox potential, as revealed by the fact that over 65% of the initial 
activity remained at the end of the pulp treatment. The incorporation of the laccase-mediator treatment at this 
point of the sequence (after O-O) is the result of previous studies where different points of incorporation of the 
enzymatic treatment for bleaching eucalypt pulp were investigated (Ibarra et al., 2006). The GC analyses of the 
lipophilic extractives from the pulps collected after the complete TCF sequence including the laccase-mediator 
stage (O-O-L-Q-PoP) and after the industrial-type TCF sequence (O-O-a-Q-PoP) are shown in Figure 1. 
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Figure 1. Chromatograms of lipophilic extractives (as trimethylsilyl derivatives) in eucalypt pulps after the 
control TCF sequence (O-O-a-Q-PoP) (A) and after the laccase-containing sequence (O-O-L-Q-PoP) (B).  
   When the pulps were treated with the P. cinnabarinus laccase alone (i.e. without HBT) no modification of 
the free and conjugated sterols was observed. Negative results were also obtained in the controls with 
denaturized enzyme or mediator alone, as expected. 
 The main lipophilic extractives from the pulps and the corresponding liquid filtrates collected after the 
complete TCF sequence including the laccase-mediator stage (O-O-L-Q-PoP) and the TCF control (without 
enzyme) sequence were quantified and their abundances are presented in Table 1. These analyses revealed that 
the main lipophilic compounds present in the TCF eucalypt pulp, namely sitosterol, sitosteryl 3β-D-
glucopyranoside and sitosterol esters, were completely removed (98%) by the laccase-mediator treatment, from 
both pulp and treatment liquid. The fatty acids observed in the pulp were also removed to a high extent. Only 
some oxidized steroids, namely stigmastan-3-one, stigmasta-3,5-dien-7-one and 7-oxositosterol, were identified 
in the enzymatically-treated pulps (O-O-L-Q-PoP) together with minor amounts of stigmastanol, and small 
amounts of 7-oxositosteryl 3β-D-glucopyranoside appeared. Moreover, no effect of the laccase alone on pulp 
free and conjugated sterols was observed. 
 
 
 
Table 1. Composition of lipophilic extractives from eucalypt pulps and bleaching liquids after the laccase-
containing (O-O-L-Q-PoP) and control (O-O-a-Q-PoP) TCF sequences (mg/kg dried pulp) 
 
 
 
O-O-a-Q-PoP O-O-L-Q-PoP 
 
 
Pulp Liquid Pulp Liquid 
Free sterols 98.2 11.8 3.9 2.8 
  sitosterol 69.3 7.3 - tr 
  stigmastanol 28.1 3.3 3.9 2.8 
  fucosterol 
 
0.8 1.2 - tr 
Oxidized sterols 11.7 1.8 49.3 27.1 
  stigmastan-3-one 0.2 0.1 3.7 0.3 
  stigmasta-3,5-dien-7-one 1.1 0.1 6.6 2.2 
  7α-hydroxysitosterol 2.2 0.1 0.2 0.4 
  7β-hydroxysitosterol 2.2 0.6 tr 0.2 
  sitostanetriol 0.5 0.3 0.5 0.4 
  7-oxositosterol 
 
5.5 0.6 38.3 23.6 
Sterol glycosides 5.1 0.8 0.9 0.5 
  sitosteryl 3β-D-glucopyranoside 5.1 0.8 - - 
  7-oxositosteryl 3β-D-glucopyranoside 
 
- - 0.9 0.5 
Sterol esters 
 
41.0 5.3 - - 
Steroid hydrocarbons 
 
6.1 0.8 1.8 1.6 
Fatty acids 3.9 4.0 0.7 4.4 
tr, traces     
 
 
 
Pulp and paper properties after the enzymatic TCF sequence. Some selected properties of the pulps and papers 
obtained were assessed. Comparison of the enzymatically-treated and control pulps showed that the kappa 
number, significantly decreased (from 6.7 to 5.2) after the laccase-mediator treatment in agreement with 
previous studies (Ibarra et al., 2006). Simultaneously, an increase of brightness was produced (from 87.9 to 91.2 
% ISO). This can be considered a high brightness level for TCF-bleached eucalypt pulp. Most paper properties 
were only barely modified by the laccase-mediator treatment, even when refined at high Schopper-Riegler 
degrees. Under these conditions, an increase in air permeability was produced (from 490 to 290 s), with a 
concomitant increase in scattering coefficient (from 21.5 to 23 m2/kg). A direct relationship between the light 
scattering coefficient and the porosity often exists, since both properties are functions of fiber surface 
characteristics. Lipophilic extractives are often responsible for the reduction in paper porosity and optical 
 properties since they are filling the pores in the paper. Therefore, an increase in air permeability, which is 
beneficial for paper drying at the paper machine, can be also obtained by the laccase-mediator treatment 
probably due to lipid removal. 
       
IV. CONCLUSIONS 
The laccase-mediator treatment of pulp allows high removal of detrimental lipids simultaneously with residual 
lignin removal. Moreover, the results obtained demonstrate that such enzymatic treatment for pitch control and 
pulp delignification/bleaching could be integrated in the environmentally-sound TCF sequences that represent 
the future trend in this industrial sector. However, more work is still needed to lower the prices of enzymes 
including use of genetic engineering tools, and mediators including the search for easily-available natural 
mediators among lignin-derived compounds or fungal metabolites (Gutiérrez et al., 1994; Camarero et al., 2005) 
and adapt the dose and application conditions to the industrial needs before the industrial implementation of the 
laccase-mediator system becomes a reality. 
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